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Introduction: Extratropical, large-scaleweather dis-
turbances, namely transient, synoptic-period,baroclinic-
barotropic eddies – or – low- (high-) pressure cyclones
(anticyclones), are components fundamental to global
circulation patterns for rapidly rotating, differentially
heated, shallow atmospheres such as Earth and Mars.
Such “wave-like” disturbances that arise via (geophys-
ical) fluid shear instability develop, mature and decay,
and travel west-to-east in the middle and high latitudes
within terrestrial-like planetary atmospheres. These dis-
turbances serve as critical agents in the transport of heat
and momentum between low and high latitudes of the
planet. Moreover, they transport trace species within the
atmosphere (e.g., water vapor/ice, other aerosols (dust),
chemical species, etc).
Figure 1: MGS/MOC hemispheric image analyses [Wang et
al., 2005] of large-scale synoptic extratropical weather sys-
tems during NH autumn and late winter with sequestered dust
activity within cyclones/frontal waves.
Between early autumn through early spring, middle
and high latitudes onMars exhibit strong equator-to-pole
mean temperature contrasts (i.e., “baroclinicity”). Data
collected during the Viking era and observations from
both theMars Global Surveyor (MGS) andMars Recon-
naissance Orbiter (MRO) indicate that such strong baro-
clinicity supports vigorous, large-scale eastward travel-
ing weather systems [Banfield et al., 2004; Barnes et al.,
1993]. A good example of traveling weather systems,
frontal wave activity and sequestered dust activity from
MGS/MOC image analyses is provided in Figure 1 (cf.
Wang et al. [2005]).
Utilizing an upgraded and evolving version of the
NASA Ames Research Center (ARC) Mars global cli-
mate model, investigated here are key dynamical and
physical aspects of simulated northern hemisphere (NH)
large-scale extratropicalweather systems,with andwith-
out radiatively-active water ice clouds.
Mars Climate Model: Over the past 5+ years,
several major improvements have been made to the
NASA ARC Mars global climate model (Mars GCM)
to enhance its capabilities and to standardized its in-
frastructure. Physics improvements include an updated
radiation code based on a generalized two-stream ap-
proximation for radiative transfer in vertically inho-
mogeneous multiple-scattering atmospheres [Toon et al.,
1989], together with a correlated-k method for calculat-
ing gaseous opacities [Lacis and Oinas, 1991]. In appli-
cations here, the radiation code responds to a prescribed
dust distribution based on an opacity climatology de-
rived fromMGS Thermal Emission Spectrometer (TES)
9-µm opacity measurements duringMY24. The vertical
distribution varies with season and latitude.
A complex cloud microphysics package has been
included based on the work of Montmessin et al. [2002];
Montmessin et al. [2004]. This microphysics module as-
sumes a log-normal particle size distribution whose first
two moments are carried as tracers, and which includes
the nucleation, growth and sedimentation of ice crys-
tals [Montmessin et al., 2004]. The cloud microphysics
package includes a time-splitting (sub-stepping) prog-
nostic algorithm, and it interacts with a transported dust
tracer whose surface source is adjusted to maintain an
atmospheric column abundance as observed by TES.
Aerosols of dust and water ice, in addition to water va-
por, can be separately or collectively either radiatively
inert (default case) or radiatively active (in combina-
tion). Other improvements in the climate model include
implementing a new planetary boundary layer (PBL)
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model (i.e., a level-2Mellor and Yamada approach [Mel-
lor and Yamada, 1982]; incorporation of a sub-surface
landmodel; utilization of a highlymodularized finite dif-
ference dynamical core (based on an Arakawa “C”-grid)
[Suarez and Takacs, 1995] that incorporates improved
tracer transport [Hourdin and Armengaud, 1995]. This
latest version has been termed NASA ARC Mars GCM,
version 2.3 (gcm2.3). Please see Kahre et al. [2017] for
further details on this particular release.
Results: We focus here on two multi-annual water
cycle simulations: (i) one where water-ice clouds are
radiatively active (“RAC” case); and, (ii) one where ice
clouds are radiatively inert (“nonRAC” case). These
two cases are subsets detailed in Kahre et al. [2017] to
assess attributes of the simulated water cycle together
with comparisons with recent MGS and MRO obser-
Figure 2: Time and zonally averaged temperature (K) and
zonal wind (m s−1) during early northern spring (Ls = 30
◦)
for the RAC case (a) and the corresponding difference fields
(i.e., RAC–nonRAC) (b) from the water cycle simulations
conducted with the ARC Mars GCM. The contour interval
is 10 K and 2 K in panels (a) and (b), respectively, and in
(b) negative values are dashed. Color shading corresponds to
zonal wind.
vations, and further, several sensitivity experiments to
the assumed cloud microphysical parameters (e.g., the
nucleation contact parameter,m).
Figure 2 showsmean zonal cross section of the zonal
wind (color) and temperature (white dashed contours)
during northern early spring (Ls = 30◦) from the two
simulations. In the RAC case (top panel), there is strong
baroclinicity within middle and high latitudes of both
northern and southern hemispheres, and strong westerly
jets are indicatedwith maximumspeeds over 110m s−1 .
In northernmidlatitudes, the mean zonal isotherms show
little tilt within the first couple scale heights (i.e., they are
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Figure 3: Daily averaged surface pressure in the Arcadia re-
gion as a function of Ls for the RAC case (red curve) and the
baseline (nonRAC) case (black curve).
more vertically oriented) than in the nonRAC case. This
characteristic holds also at other seasons. Differences
(i.e., RAC–nonRAC) between these two corresponding
fields (bottom panel) show that radiatively-active water
ice clouds profoundly affect the seasonal mean climate.
There is a bulk warming of the atmosphere in the sub-
tropics aloft, a cooling (warming) of the atmosphere in
lower (upper) regions at high latitudes, and, increases
in the mean pole-to-equator temperature contrasts (i.e.,
stronger mean “baroclinicity”) resulting in augmented
zonal jets. Such thermal and mean circulation changes
have also been found in the studies by Haberle et al.
[2011],Madeleine et al. [2014] and Navarro et al. [2014].
The mean overturning (i.e., “Hadley”) circulation is also
enhanced in the RAC case. These changes are signif-
icant in the middle and high latitudes. Comparisons
with MGS/TES and MRO/MCS measurements indicate
better agreement between the model’s simulated climate
compared to observations.
The increased baroclinicity is robust and signifi-
cantly affects the intensity and seasonality of synoptic
weather systems. Figure 3 shows time series of the
daily-averaged surface pressure in the northern hemi-
sphere (NH) Arcadia region, a geographic region previ-
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ously found to indicate enhanced synoptic-period tran-
sient wave activity (i.e., a “storm zone”) [Hollingsworth
et al., 1996;Hollingsworth et al., 1997]. It can be seen that
there is enhanced synoptic period variability (i.e., day-
to-day weather) in both amplitude and intra-seasonality
in the simulationwith radiatively-activewater ice clouds
(red curve). Similar characteristics are found in the other
storm zone regions of the NH. In addition, the SH extra-
tropics also indicate enhanced synoptic-period variabil-
ity, particularly in the western hemisphere. This result
also appears to be insensitive to model (horizontal) res-
olution. High-resolution (×2) simulations for the RAC
and baseline cases indicate very similar transient eddy
amplitudes and seasonality.
As indicated in Figure 4, synoptic period variability
is significantly enhanced in the RAC case. Transient-
eddy poleward heat fluxes within the NH and SH extra-
tropics are very much enhanced in the RAC case com-
pared to the nonRAC case (i.e., a factor of three stronger
at least). As such, the baroclinic/barotropic eastward
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Figure 4: Transient eddy poleward heat flux (K m s−1) for the
RAC case (top panel) and the nonRAC case (bottom panel)
during early northern spring (Ls = 30
◦). The contour interval
in both panels is 2 K m s−1. Positive values are solid, negative
values are dashed.
traveling waves are much more efficient in transport-
ing heat, momentum and other scalar quantities (e.g.,
atmospheric tracers) within middle latitudes.
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Figure 5: NH longitude-latitude cross sections during early
northern autumn (Ls = 190
◦) at 3.0 mbar of stationary (a)
geopotential height (m); (b) temperature (K); and, (c) merid-
ional wind (m s−1) from the Mars GCMwith RAC. The above
fields are shown in white contours (negative dashed) and the
color shading is the smoothed topography at the resolution of
the GCM.
Consideration of the stationary, forcedRossbymodes
within theRACcase during earlyNHautumn (Ls=190◦)
in terms of a longitude-latitude section at the 3.0 mbar
level are presented in Figure 5. Within the northern
hemisphere, this figure presents the stationary geopoten-
tial height (top panel); temperature (middle panel); and
meridional wind (bottom panel). In all three mean zonal
departure fields, a clear zonal wavenumber s = 2 sta-
tionary pattern is evident. This is generally a robust NH
pattern, and is further discussed in Haberle et al. [2017]
for other seasons, and comparisons with MRO/MARCI
UV water-ice cloud observations. What is apparent in
Figure 5 is a strong correlation of the forced Rossby-
wave pattern with the large-scale orography: namely,
high relief collocated with high geopotential; low relief
collocated with low geopotential—a classic signature of
forced Rossby wave responses within a baroclinic atmo-
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sphere [Hoskins and Karoly, 1981]. In the nonRAC case
(not shown) the forced Rossby wave pattern presents
a more zonal wavenumber s = 1 stationary pattern in
middle and high latitudes, and one of much weaker am-
plitude in the three fields considered.
There is significant interplay between the forced
Rossby stationary modes and the traveling synoptic pe-
riod transient waves. In particular, the geographic “lo-
calization” of maximum band-pass transient variance is
highly tied to the forcedRossbymodes. Shown in Figure
6 for the RAC Mars GCM simulation during early NH
autumn (Ls = 190◦) in terms of a longitude-latitude sec-
tion at the 3.0 mbar are similar fields presented in Figure
5 yet for the band-pass filtered (i.e.,2–10 day) RMS tran-
sient geopotential height (top panel); temperature (mid-
dle panel); and, meridional wind (bottom panel). The
amplitude and location of the transient RMS maxima
are vastly different in the RAC case versus the nonRAC
case (not shown): there is localization of peak transient
temperature variance just northeast of the Tharsis high-
lands in the RAC case whereas a more zonally uniform
and weaker pattern occurs in the nonRAC case. Further,
the meridional wind transient fields are much stronger
in amplitude and geographically localized in the RAC
case compared to the nonRAC case (not shown).
Such transient synoptic period storm zone patterns
vary between the RAC and the nonRAC cases in subtle
yet nontrivial ways, and the maxima and geographic
localization of transient variability occur differently at
the same seasons within the annual cycle.
Summary: Many upgrades to the NASA Ames Re-
search Center (ARC)Mars global climate model (GCM)
have occurred recently and include a modern radiative
transfer package and cloud microphysics package that
permit radiative effects and interactions of suspended at-
mospheric aerosols (e.g., water ice clouds, water vapor,
dust, and their mutual interactions) to influence the net
diabatic heating within the atmosphere. Atmospheric
aerosols are critically important in determining the na-
ture of the mean thermal structure and circulation, and
hence the overall climate of the planet [Hobbs, 1993].
Our Mars GCM simulations indicate that radiatively
active ice clouds profoundly affect the seasonal and an-
nual mean climate in a variety of ways. Such results
suggest that the bulk thermal structure and resultant cir-
culation patterns are strongly modified near the surface
and aloft. Generally speaking, it is found there is warm-
ing of the atmosphere in subtropical and high-latitude
upper layers, cooling of the atmosphere in the lower
high-latitude regions, and, increases in themean pole-to-
equator temperature contrasts (i.e., strongermean "baro-
clinicity") and augmented zonal jets. Comparisons with
MGS/TES and MRO/MCS measurements show better
agreement between the model’s simulated climate com-
pared to that observed. An increased baroclinicity sig-
nificantly affects the intensity and seasonality of synop-
tic weather systems.
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Figure 6: NH longitude-latitude cross sections during early
northern autumn (Ls = 190
◦) at 3.0 mbar of transient band-
pass filtered RMS (a) geopotential height (m); (b) temperature
(K); and, (c) meridional wind (m s−1) from the Mars GCM
with RAC. The above fields are shown in white contours and
the color shading is the smoothed topography at the resolution
of the GCM.
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